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1. Introduction 

The search for the Higgs boson [iHll , which in the Stan- 
dard Model (SM) gives mass to the weak vector bosons 
and other particles, is one of the most important aspects 
of the CERN Large Hadron Collider (LHC) physics pro- 
gramme. Direct searches performed at the CERN Large 
Electron-Positron Collider (LEP) have excluded, at a 95% 
confidence level (CL), the production of a SM Higgs bo- 
son with mass, toh, less than 114.4 GeV Searches 
at the Fermilab Tevatron pp collider have excluded at 
95% CL the region 156 < mn < 177 GeV ^M■ At 
the LHC, the combination of ATLAS searches [7|, using 
1.0 - 4.9 fb-i oi^/s = 7 TeV data, excluded at the 95% 
CL the production of a SM Higgs boson in the regions 
112.9 < TOH < 115.5 GeV, 131 < toh < 238 GeV and 
251 < TOH < 466 GeV. The CMS combined result 
using 4.6 — 4.8 fb~^ of -/s = 7 TeV data excluded the pro- 
duction of a SM Higgs boson at the 95% CL in the region 
127 < TOH < 600 GeV. 

The ZZ — > I'^t'vv decay channel ofi^ers a substantial 
branching fraction in combination with a good separation 
from potential background processes owing to the large 
transverse momentum, px, of the electron or muon pair 
from the leptonic Z boson decay and the large missing 
transverse momentum from the Z boson decaying to neu- 
trinos. Earlier results in this channel, published in Ref. 
using 1.0 fb^^ were subsequently updated in Ref. 01 with 
2.0 fb"^ and exclude at the 95% CL the presence of a SM 
Higgs boson in the range 310 < toh < 470 GeV. The most 
recent CMS analysis [lOj in this channel based on 4.6 fb~^ 
excluded 270 < toh < 440 GeV. 

The data sample considered in the search presented in 
this Letter was recorded by the ATLAS experiment during 
the 2011 LHC run at a centre-of-mass energy %/s ~ 7 TeV. 



The integrated luminosity of the data sample, considering 
only data-taking periods where all relevant detector sub- 
systems were operational, is 4.7 fb~^ with an uncertainty 
of 3.9% 
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2. The ATLAS detector 

The ATLAS detector [l^] is a multi-purpose particle 
physics detector with forward-backward symmetric cylin- 
drical geometr}0. The inner tracking detector (ID) cov- 
ers It^I < 2.5 and consists of a silicon pixel detector, 
a silicon microstrip detector, and a transition radiation 
tracker. The ID is surrounded by a thin superconducting 
solenoid providing a 2 T axial magnetic field. A high- 
granularity lead/liquid-argon (LAr) sampling calorimeter 
measures the energy and the position of electromagnetic 
showers with I77I < 3.2. LAr sampling calorimeters are 
also used to measure hadronic showers in the end-cap 
(1.5 < I77I < 3.2) and forward (3.1 < < 4.9) re- 
gions, while an iron/scintillating-tile calorimeter measures 
hadronic showers in the central region (I77I < 1.7). The 
muon spectrometer surrounds the calorimeters and con- 
sists of three large superconducting air-core toroids, each 
with eight coils, a system of precision tracking chambers 
{\r]\ < 2.7), and fast tracking chambers for triggering 
(|ry| < 2.4). A three-level trigger system selects events 
to be recorded for offline analysis. 



^ ATLAS uses a right-handed coordinate system with its origin at 
the nominal interaction point. The z-axis is along the beam pipe, 
the X-axis points to the centre of the LHC ring and the y-axis points 
upward. Cylindrical coordinates {r,<j)) are used in the transverse 
plane, </) being the azimuthal angle around the beam pipe. The 
pseudorapidity rj is defined as = — ln[tan(6/2)] where 6 is the 
polar angle. 
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3. Data and simulation samples 

The H — )■ ZZ — )■ t^t^vv signal is modelled using the 

POWHEG 
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15l | event generator, which includes matrix el- 
ements for the gluon fusion and vector-boson fusion (VBF) 
production mechanisms of the Higgs boson up to next-to- 
leading-order (NLO). POWHEG is interfaced to pythia [l^ 
for the modelling of parton showers. The modelling of 
final-state radiation is performed with PHOTOS [l^, and 
TAUOLA [3, I3| is used for the simulation of r decays. 
The Higgs boson spectrum in the gluon fusion process 
is reweighted to the calculation of Ref. f2^ , which provides 
QCD corrections up to NLO and QCD soft-gluon resum- 
mations up to next-to-next-to- leading logarithms (NNLL). 

H W+W" e+iye-D, H ^ ZZ ^ e+£^qq and 
H ZZ — samples are also simulated us- 
ing the same generators as for the H ZZ I'^i^vv 
samples. These channels, together with the H ZZ 
T^T^vv final state, which is included in the H — > ZZ 
t^l~vv samples, contribute to the signal yield and are 
considered as part of the signal. In particular, H — ^ 
W~^W~ — >■ £~^v£~D decays contribute as much as 70% to 
the signal expectation after the full selection for toh = 
200 GeV, decreasing to 13% at toh = 300 GeV, and to less 
than 4.5% for Higgs boson masses larger than 400 GeV. 
Orthogonality of the analysis with respect to other ATLAS 
Higgs boson searches (2l| - [23j is ensured through mutually 
exclusive selection requirements on the dilepton invariant 
mass, the number of leptons and the missing transverse 
momentum in the event. 

The Higgs boson production cross sections and de- 
cay branching ratios, as well as their uncertainties, are 
taken from Refs. 24|, |25|. The cross sections for the 
gluon fusion process have been calculated to NLO in 



QCD in Refs. |26l - l28l . and to next-to-next-to-leading-order 
(NNLO) in Refs. [i3^3ll. In addition, QCD soft-gluon re- 
summations, calculated in the NNLL approximation (32l |. 
are applied for the gluon fusion process. NLO electroweak 
(EW) corrections are also applied jsS, 34|. These results 
are compiled in Refs. 35.-,37.] and assume factorisation be- 
tween QCD and EW corrections. The cross sections for 
VBF processes arc calculated with full NLO QCD and EW 
corrections [38-40j^nd approximate NNLO QCD correc- 
tions are included |41| . The uncertainty in the production 
cross section due to the choice of QCD scale is typically 
for the gluon fusion process, and ±1% for the VBF 



24| . The uncertainty in the production cross sec- 



process 

tion due to the parton distribution function (PDF) and as 
is ±8% for gluon-initiated processes and ±4% for quark- 
initiated processes 42-4^. The Higgs boson decay branch- 
ing ratio [46| to the four-fermion final state is predicted by 
prophecy4f 
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The Higgs boson cross sections are calculated with a 
zero-width approximation. For the Higgs decay, an ad hoc 
relativistic Breit-Wigner line shape is a ppli ed at the event- 
generator level. It has been suggested [isl . liol - fsH that ef- 
fects related to off-shell Higgs boson production and inter- 



ference with other SM processes may become sizeable for 
the highest Higgs boson masses (mn > 400 GeV) consid- 
ered in this search. Currently, in the absence of a full line- 
shape calculation for the production mechanisms as well 
as a correct account of the interference with SM ZZ pro- 
duction, a conservative estimate of the possible size of such 
effects is included as a signal normalisation systematic un- 
certainty, following a parameterisation as a function of toh: 
1.5 X [TOH/TeV]3, for mn > 300 GeV [H. 

Different event generators are chosen to model a range 
of important background processes. The ALPGEN gen- 
erator 52] interfaced to herwig fH^] for parton showers 
and hadronisation is used to simulate inclusive W/Z bo- 



son backgrounds. MC@NLO [5J], interfaced to herwig 
and JIMMY [H^, is used for the production of top-pair, 
single-top and diboson {WW, WZ and ZZ) backgrounds. 
PYTHIA is used to simulate bb and cc samples as well as 
alternative samples for the Z and ZZ backgrounds. All 
simulated background samples are scaled to the highest- 
precision calculations available for the relevant process. 
An overview of the relevant predictions and their uncer- 
tainties is given in Ref. [56| . 

Generated events are simulated using the ATLAS de- 
tector simulation [Ht'] within the GEANt4 framework (Hsj . 
Additional pp interactions in the same and nearby bunch 
crossings (pile-up) are included in the simulation. The 
Monte Carlo (MC) samples are reweighted to reproduce 
the observed distribution of the number of interactions per 
bunch crossing in the data. 

Data used for the search in the muon channel are col- 
lected using a single muon trigger with a pt threshold of 
18 GeV, while in the electron case a logical OR between 
a single electron trigger with a threshold varying from 20 
to 22 GeV and a dielectron trigger with a threshold of 
12 GeV is used. The expected trigger efficiency is close to 
100% in the electron channel and between 94% and 97% 
in the muon channel for signal events passing the full se- 
lection cuts described below. 

During the course of the 2011 data-taking the average 
number of pile-up interactions increased due to increased 
beam currents and stronger beam focusing. This changed 
the average number of interactions per bunch crossing at 
the start of a fill, from about six in the earlier periods 
to about 15 in the later periods. The missing transverse 
momentum resolution is affected by the level of pile-up, re- 
sulting in a significant change in the signal-to-background 
ratio between the earlier and the later periods. To retain 
the best sensitivity, the search is therefore split between 
the earlier (2.3 fb^^) and the later (2.4 fb~^) periods, here- 
after referred to as the "low pile-up data" and the "high 
pile-up data" , respectively. The selection is unaltered be- 
tween the periods. 



4. Lepton identification and event selection 

Electron candidates consist of clusters of energy de- 
posited in the electromagnetic calorimeter that are asso- 
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ciated to ID tracks. The electron candidates must satisfy 
a set of identification criteria [H^ that require the shower 
profiles to be consistent with those expected for electro- 
magnetic showers and a well-reconstructed ID track point- 
ing to the corresponding cluster. Furthermore the electron 
candidates are required to have pT > 20 GeV and pseudo- 
rapidity \r]\ < 2.47. The electron transverse momentum is 
computed from the cluster energy and the track direction 
at the interaction point. 

Muons are identified by reconstructing tracks in the 
muon spectrometer. These tracks are then extrapolated 
back to the beam line to find a matching ID track. Details 
of muon reconstruction and identification can be found in 
Ref. 60]. Only muons with pT > 20 GeV and |?7| < 2.5 
are considered. 

Jets are used in this analysis to reject backgrounds from 
events with heavy-quark decays or from events with fake 
missing transverse momentum iJ™"**^ due to mis-measured 
jets. For this purpose, jets are reconstructed from clusters 
of energy deposits in the calorimeters using the anti-fct 
algorithm [6l| with a radius parameter R = 0.4. Jets are 
calibrated using px- and ?7-dependent correction factors 
based on MC simulation and validated with data 62] ; this 
calibration corrects for effects of energy from additional 
proton-proton interactions. Only jets with p^ > 25 GeV 
and |?7| < 2.5 are considered. 

Two conditions are applied to remove leptons associated 
with jets, such as those originating from semi-leptonic de- 
cays of 6-hadrons. Leptons are not considered in the anal- 
ysis if the scalar sum of ID track momenta, not associated 
with the lepton, in a cone AR < 0.2 around the lepton di- 
rection is greater than 10% of the p^ of the lepton itself or 
if the lepton is within a distance AR — 0.4 of the nearest 
jet. 

The missing transverse momentum is measured as the 
negative vectorial sum of the transverse momenta of all 
cells in the calorimeters with \ri\ < 4.9, calibrated appro- 
priately based on their identification as electrons, photons, 
T-leptons, jets or unassociated calorimeter cells, and all 
selected muons in the event [63| . Calorimeter deposits as- 
sociated with muons are subtracted to avoid double count- 
ing. 

Events are required to contain a reconstructed pri- 
mary vertex, with at least three associated tracks with 
Pt > 0.4 GeV, and exactly two oppositely-charged elec- 
trons or muons, consistent with having originated from 
the primary vertex. Furthermore, events are rejected if 
they contain a third lepton, as defined above, but with a 
loosened pt requirement of at least 10 GeV. The dilepton 



mass distribution is shown in Fig. 1(a) Inclusive Z boson 
production is the dominant background at this stage of 
the analysis. To suppress backgrounds from top, inclusive 
W boson, and multijet production, the dilepton invariant 
mass, mil, is required to satisfy |mz — m«| < 15 GeV. 

To reduce the background from top quark production, 
events with one or more ^-tagged jets are rejected, where 
the 6-tagging is based on a multivariate algorithm which 



uses information from both the impact parameter with 
respect to the primary vertex of tracks associated to the jet 
and the presence of displaced secondary vertices associated 
to the jet's tracks. Jets with a loosened pt threshold of 
20 GeV and \ri\ < 2.5 are considered in the &-tag veto. The 
selection applied on the 6-tagging discriminant achieves 
an efficiency of about 85%(50%) for identifying 6-jets(c- 
jets) [s^] and a light-jet rejection factor of about ten 65 1, 
in inclusive top-pair events. 

To exploit the mass-dependent kinematic features of 
H — T' ZZ — T' £^£~i'D production, the search is subdivided 
into a low Higgs boson mass region (mn < 280 GeV) and 
a high Higgs boson mass region (mn > 280 GeV), where 
dedicated cuts are applied to two important discriminat- 
ing variables used to reduce the background contributions: 
E^^^^ and the azimuthal angle between the two leptons, 
A(j){i,i). Events can contribute to one or both search re- 
gions depending on whether they satisfy the cuts applied 



on these variables. Figures 1(b) and [5] show the distribu- 
tions of these variables after the application of the mu win- 
dow cut. Since inclusive Z boson production gives rise to a 
steeply falling E^^^^ distribution, systematic uncertainties 
on the E^^^^ reconstruction are particularly important in 
order to estimate this background correctly. 

The dominant contribution to the E^^^^ uncertainty 
comes from the knowledge of the jet energy scale. A degra- 
dation of the Elf^^^ resolution is observed in the data taken 
during the periods with a larger average number of inter- 
actions per bunch crossing, as is illustrated in Fig. [21 In 
particular, this increases the background from inclusive 
Z boson production in the high pile-up periods, mostly in 
the low mass search region. 

Figure [5] shows that the data and the combined back- 
ground expectation agree within systematic uncertain- 
ties. In the low mn region, events are required to satisfy 
£^miss ^ QQ QqY whilst in the high mn region the require- 
ment is E^^^^ > 82 GeV. These cuts reduce significantly 
the backgrounds from processes with no or modest gen- 
uine missing transverse momentum originating from un- 
observed neutrinos. In the low mpj region a significant 
fraction of signal events is also removed by this criterion. 

The boost of the Z bosons originating from a Higgs bo- 
son decay increases with mn, thus reducing the expected 
opening angle between the leptons. In the low (high) mu 
region an upper bound, A(j){£, €} < 2.64 (2.25), is therefore 
applied. In the low toh region a lower bound, A(j>{£, i) > 1, 
is also applied, to reduce backgrounds from events in which 
the lepton pair did not originate from a Z boson decay. 
In the high mu region, events are also rejected if the az- 
imuthal angle between the missing transverse momentum 
vector and the direction of the Z ££ boson candidate is 

A0(Pt™'',Pt") < 1- 

Finally, to further reduce the background from events 
with fake E^^^^ due to mis-measured jets, events are re- 
jected if the azimuthal angle between pr^^^^ and the near- 
est jet in the event satisfies Acjj^pr^^^^ , jjr^'^*') < 1.5 for the 
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Figure 1: |(a)| The dilepton invariant mass distribution for events with exactly two oppositely-charged electrons or muons. |(b)| Thc azimuthal 
separation between leptons for events with exactly two oppositely-charged electrons or muons with an invariant mass satisfying \mz — mti\ < 
15 GeV. The inset at the bottom of the figures shows the ratio of the data to the combined background expectations as well as a band 
corresponding to the combined systematic uncertainties. In both figures the line corresponding to the Z boson background is mostly hidden 
under the line for the total background. The background contribution labeled "Other Backgrounds" includes multijet and inclusive W boson 
production. 




Figure 2: The E^^'"' distributions for events with exactly two oppositely-charged electrons or muons satisfying \mz—m££\ < 15 GeV, for |(a)| the 
low pile-up data and |(b)| the high pile-up data. The insets at the bottom show the ratio of the data to the combined background expectations 
as well as a band corresponding to the combined systematic uncertainties. The background contribution labeled "Other Backgrounds" includes 
multijet and inclusive W boson production. 



4 



Table 1 : The expected number of background and signal events along with the observed numbers of candidates in the data, separated into the 
low and high mj] search regions and the low and high pile-up periods. The quoted uncertainties are statistical and systematic, respectively. 





low TTlH 


search 


high TTiH search 


Source 


Low pile-up data 


High pile-up data 


Low pile-up data 


High pile-up data 


Z 


40.1 ±5.0 ±7.9 


265 ± 13 ± 67 


0.8 ±0.3 ±0.8 


11.6 ±2.1 ±2.9 


w 


4.6 ±2.2 ±4.6 


5.8 ±1.8 ±5.8 


1.5 ±0.8 ±1.5 


2.2 ±1.3 ±2.2 


top 


23.2 ± 1.3 ± 5.4 


27.9 ± 1.3 ±5.3 


16.0 ±1.1 ±4.0 


17.2 ±1.0 ±3.9 


multijet 


1.1 ±0.2 ±0.5 


1.1 ± 0.2 ± 0.6 


0.1 ±0.1 ±0.0 


0.1 ±0.1 ±0.0 


ZZ 


33.4 ±0.7 ±3.9 


36.7 ±0.7 ±4.3 


28.4 ±0.6 ±3.4 


31.9 ±0.7 ±3.8 


WZ 


23.3 ±1.0 ±2.8 


25.2 ± 1.0 ± 3.0 


17.1 ±0.8 ±2.1 


18.9 ±0.8 ±2.3 


WW 


25.5 ±0.8 ±3.0 


32.4 ± 0.9 ± 3.8 


9.4 ± 0.5 ± 1.1 


13.3 ±0.5 ±1.6 


Total 


151±6±11 


394 ± 13 ± 67 


73.3 ± 1.8 ±6.1 


95.2 ±2.9 ±6.9 


Data 


158 


442 


77 


109 


ma [GeV] 




Signal expectation 




200 


10.3 ± 0.2 ± 1.8 


11.1 ±0.2 ±1.9 






300 






16.4 ± 0.3 ± 2.9 


17.5 ±0.3 ±3.1 


400 






14.4 ± 0.2 ± 2.5 


15.4 ±0.2 ±2.7 


500 






6.2 ±0.1 ±1.1 


6.5 ±0.1 ±1.1 


600 






2.7 ±0.0 ±0.5 


2.9 ±0.0 ±0.5 



low rriH search and A(j){pr^^'^^ ,pr^''^) < 0.5 for the high toh 
region. 

The efficiency of the event selection is very similar in 
the electron and muon channels, ranging from 3.1% for 
mn = 200 GeV to about 43% for mn = 600 GeV. 

5. Background normalisation and control regions 

Standard Model pair-production of Z bosons has a final 
state identical to the signal, and is therefore expected to 
survive most of the applied selection criteria and form a 
continuum in the transverse mass distribution (defined in 
Section [7]) . The normalisation for this background is ob- 
tained from a calculation including next-to-leading-order 
terms [66| with an additional 6% term to account for miss- 
ing quark-box diagrams {gg — >■ ZZ) (67j . An 11% normal- 
isation uncertainty is a ssig ned to this background, esti- 
mated from scale, PDF [25| and model uncertainties. The 
ZZ background is taken from the MC simulation with a 
systematic uncertainty given by the shape prediction when 
PYTHIA is used as an alternative event generator. WW and 
WZ backgrounds are normalised in a similar way. For the 
WZ background the normalisation is verified using a con- 
trol sample in which the presence of exactly three leptons 
is required, where the minimum for the third lepton is 
10 GeV. Figure 3(a) shows the E!^^^^ distribution in this 
control region, which is dominated by WZ background for 
E^'^"" > 40 GeV and is well modelled by the MC simula- 
tions. 

The background from top-quark events is taken from the 
MC prediction. This prediction is verified to agree with 
data in two independent control samples: the first uses the 
dilepton mass sideband and requires at least one identified 
6-jet (Fig. |3(b)| ), while the second selects events containing 
oppositely-charged electron- muon pairs (Fig. 3(c)). 

Additional backgrounds can arise from multijet events 
or inclusive W boson production due to heavy flavour de- 



cays or jets misidentified as leptons. The normalisation 
of the inclusive W boson background in this search is ob- 
tained from a control sample of events with a like-sign 
electron-electron or electron-muon pair in the sidebands 
of the dilepton mass distribution and with no 6-tagged 
jets. Figure 3(d) shows the i?™'^*' distribution following 
this procedure. At large Elf^^^ this distribution is domi- 
nated by the inclusive W boson background. 

The multijet background in the electron channel is de- 
termined using a data sample based on a loosened elec- 
tron selection. This sample, which is dominated by jet 
events, is scaled to describe the tails of the mu distribu- 
tion. In the muon channel, the background from heavy 
flavour decays is studied using simulation, whereas other 
muon sources from multijet events arc constrained using a 
sample of like-sign muon pairs in data. In both cases the 
background is found to be negligible. 

The background from inclusive Z boson production is 
taken from the MC prediction and verified in a control re- 
gion populated with events rejected by the A(/)(pr,i""''', pr^''*'> 



cut after the E}^^^^ requirement. The full A0(prp™"'-,p^ 



jet -J 



distribution is shown in Fig. HI At low A(l>{pr^^^^ , pr^" ), 
where the inclusive Z boson background dominates, agree- 
ment is observed between the data and the expected back- 
grounds. 

The signal efficiencies and overall background expecta- 
tions are similar in the electron and muon channels; there- 
fore only combined results are presented. The numbers of 
candidate H — ^ ZZ — >■ £~^£~i'i> events selected in data and 
the expected yields from signal and background processes 
are shown in Table [T] 

6. Systematic uncertainties 

The systematic uncertainties applied in this search in- 
clude experimental uncertainties related to the selection 
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Figure 3: The distribution in the different control regions: Figure |(a)| is a WZ control region with events containing exactly three 

leptons. Figure |(b)| is a top-quark control region populated with events containing at least one fe-jet and a lepton pair in the sidebands 
of dilepton mass distribution. Figure |(c)| is a second top-quark control region populated with events with an oppositely-charged pair. 
Figure |(d)| is an inclusive W boson control region populated with events with no 6-tagged jets and a same-charge ee or efi pair in the 
sidebands of dilepton mass distribution. 
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Figure 4: The azimuthal separation between tlie missing transverse momentum vector, pr^^^^, and tlie nearest jet in tlie event A<j){pr^^^^ , pr^'' ) 
after tlie E^^^^ requirement, for the high mjj search region. Figure [(a)] refers to the low pile-up data and figure [(b)] to the high pile-up data. 



and calibration of electrons, muons and jets, which are also 
all explicitly propagated to the E^^^^ calculation. Uncer- 
tainties on the 6(c)-tagging efficiency as well as the light-jet 
mis-tagging rate are also applied. 

Normalisation uncertainties for the signal (gluon fusion 
and VBF 4%) Q and for the diboson backgrounds 
(11%) are obtained from theory; uncertainties for the in- 
clusive Z boson production (2.5%), top quark production 
(9%), inclusive W boson production (100%) and for multi- 
jet production in the electron channel (50%) are estimated 
from data. Where a normalisation uncertainty is obtained 
from data, additional detector related systematic uncer- 
tainties are only considered if they are likely to affect the 
background in the control region and in the signal region 
differently. 

For the signal, an additional uncertainty is applied to ac- 
count for the possible effect of theoretical uncertainties on 
the acceptance. This uncertainty is estimated from signal 
samples containing variations in the modelling of initial- 
and final-state radiation, the renormalisation and factori- 
sation scales, which are varied to half and twice their nom- 
inal values, as well as variations in the underlying event 
tune, which was changed from the default AUEt2b [gl] to 
PERUGIA2011 [ei], both based on LHC data. An overall 
uncertainty of 8.4% (3.4%) is assigned in the low (high) 
mass search regions, obtained by the addition in quadra- 
ture of the largest deviations observed for each variation. 

The luminosity uncertainty is 3.7% and 4.1% for the 
low and high pile-up data, respectively, based on the cal- 
ibration described in Refs. [Ill [12 1. Where appropriate. 



systematic uncertainties are treated as correlated between 
the signal and the different background expectations. The 
total systematic uncertainty on the signal and on each of 
the background contributions can be seen in Table [1] In 
most cases the assigned normalisation uncertainties dom- 



inate the total systematic uncertainty, except for the in- 
clusive Z boson background, for which the jet energy scale 
and resolution uncertainties dominate, and the top-quark 
background for which the 6-tagging uncertainty dominates. 
In the low toh search using the high pile-up data, the un- 
certainty on the inclusive Z boson background uncertainty 
dominates the overall uncertainty. 

7. Results 

After the event selection, the Higgs boson search is per- 
formed by looking for an excess of data over the SM back- 
ground expectation in the transverse mass distribution of 
the selected eevv and f^fivv events. The transverse mass 
is calculated from the lepton pair and the ptj?"**^ vector as: 

"It = + IPt"I^ + V*™! + IPt"""!^] - [pt" + Pt""°°] ^ ■ 

Figure [S] shows the mx distributions in the low and high 
Toh search regions with the expected signal for a Higgs 
boson mass of 200 GeV, 400 GeV and 600 GeV. The low 
pile-up and high pile-up data are shown separately. 

The number and distribution of candidate H — ^ ZZ — >■ 
t^t~i'v events observed in the data agree with the ex- 
pected backgrounds. No indication of an excess is seen, 
with a smallest po-value of 0.05 at toh=280 GeV, where 
Pq represents the probablility that a background-only ex- 
periment would yield a result that is more signal-like than 
the observed result. Upper limits are set on the Higgs bo- 
son production cross section relative to its predicted SM 
value as a function of tojj. The limits are extracted from 
a maximum likelihood fit to the tot distribution follow- 
ing the CLs modified frequentist formalism [70] with the 
profile likelihood test statistic 71]. All systematic uncer- 
tainties are taken into account. 
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Figure 5: The transverse mass distribution of // — > ZZ — > candidates. Figures |(a)| and |(b)| refer to the low mn search region and 

figures [(c)] to [(f)] to the high rrtj] search region. The top, centre and bottom figures show the expected signal for a Higgs boson with a mass 
of 200 GeV, 400 GeV and 600 GeV, respectively. Figures on the left correspond to the low pile-up data and figures on the right to the high 
pile-up data. The hashed area represents the combined systematic uncertainties on the total expected background. 
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Figure 6: Observed and expected 95% CL upper limits on the Higgs boson production cross section divided by the SM prediction, together 
with the green (inner) and yellow (outer) bands which indicate the ztlcr and ±2a fluctuations, respectively, around the median sensitivity. 
The limits are based on 4.7 fb~^ of data at ^ =7 TeV. The line at 280 GeV indicates the transition from the low rrin to the high mjj search 
region. 



Figure El shows the expected and observed hmits at the 
95% CL. The green (inner) and yellow (outer) bands indi- 
cate the expected sensitivity with ±la and ±2a fluctua- 
tions, respectively. The mass range between 280—497 GeV 
is expected to be excluded while observation shows that 
a SM Higgs is excluded at the 95% CL in the range of 
319- 558 GeV. 

8. Summary 

Results of a search for a heavy SM Higgs boson with 
a mass in the range 200 < mn < 600 GeV decaying to 
ZZ — >• £~^i~iyp have been presented. These results are 
based on a data sample corresponding to an integrated 
luminosity of 4.7 fb"'^, recorded with the ATLAS detector 
at the LHC. No evidence for a signal is observed and cross 
section limits are placed over the mass range considered in 
this search, excluding the production of a SM Higgs boson 
in the region 319 < mn < 558 GeV at the 95% CL. 
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M. Iodicei34a^ k. lordanidou^, V. Ippolitoi-''2a.i32b^ ^_ j^j^g Quiles^^^^, C. Isaksson^^e^ A. Ishikawa^*^, M. Ishino", 

R. Ishmukhametov39, C. Issever"^, S. Istini^a, A.V. Ivashini28, w. Iwanski^s, H. Iwasaki^s, J.M. Izen^o, V. Izzoi02a^ 

B. Jackson^^o, J.N. Jackson''^, P. Jackson^^^^ M.R. JaekeP^, V. Jain^o, K. Jakobs^^, S. Jakobsen^^, J. Jakubeki27, 
D.K. Jana"\ E. Jansen^^, H. Jansen^^, A. Jantsch9^ M. Janus'*^ G. Jarlskog^^ L. Jeanty", I. Jen-La Plante^°, 
P. Jenni29, A. Jeremie^, P. Jez^s, S. Jezequel^ M.K. Jha^^^, H. Ji^^^^ W. Ji^i, J. Jia^^s, Y. Jiang32b, 

M. Jimenez Belenguer*^, S. Jin^^**, O. Jinnouchi^^'^, M.D. Joergensen^^, D. Joffe^^, L.G. Johansen^^, 

M. Johansen"6a,i46b^ Johansson^f^^, P. Johansson^^g^ Johnert"*!, K.A. Johns^, K. Jon-And"'^'"'"^'', 

G. Jones"^ R.W.L. Jones^^, T.J. Jones^^^ C. Joram29, P.M. Jorgei24a, K.D. Joshi82, j jovicevic"^ T. Jovini2b, 

X. Ju^^^^ G.A. Jung42, R.M. Jungst29, V. Juranek^^s, R. Jussel^^S A. Juste Rozas^S S. Kabanal^ M. Kaci^^^^, 
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J.S. Kelleri38, J. Kennedy''*, M. Kenyon^^^ q. Kepka^^s, N. Kerschen^^, B.R Kersevan^^, S. Kerstenl7^ K. Kessokul5^ 

J. Keungiss, F. Khalil-zadaio, H. Khandanyani^s, A. Khanov"^ D. Kharchenko'^^^ a. Khodinov9^ A. Khomich^Sa, 

T.J. Khoo^^, G. Khoriauli^o, A. Khoroshilovl^^ V. Khovanskiy9^ E. Khra^lov6^ J. Khubua^^'^, H. Kim"6a,i46b^ 

M.S. Kim2, S.H. Kimieo, N. Kimurai^\ O. Kind^^, B.T. King^^, M. King^e, R.S.B. King"^^ J. Kirki^s, 

A. E. Kiryunin^^ T. Kishimoto^^, D. Kisielewska^'^, T. Kittelmanni^s ^ A.M. Kiver^^s, E. Kladiva"'"', M. Klein'^^^ 
U. Klein^3^ K. Kleinknecht*\ M. KleInettiS^ A. Klier"^ P. Klimeki^Sa.web^ A_ Klimentov^^, R. Klingenberg42, 

J.A. Klinger82, E.B. Klinkby'^^ T. Klioutchnikova^^, P.F. KloklO^ S. Klousl°^ E.-E. Kluge^s^^, T. Kluge^^^ P. Kluitl°^ 

S. Kluth^s, N.S. Knechtiss, E. Kneringer^i, E.B.F.G. Knoops^^ A. Knue^"^ Ko"*, T. Kobayashii^s, M. Kobel^^, 

M. Kociaiii43^ p. Kodysi26^ K. Koneke^", A.C. Konigi""^ s. Koenig^i, L. Kopke^i, F. Koctsvcldio^^ r Koevesarki^o, 

T. Koffas^s, E. Koffcmani"'\ L.A. Koganll^ S. Kohl^lannl^^ F. Kohn^^^ 2. Kohouti^^^ t. Kohriki^s, T. Koi"^, 

G.M. Kolachevi07^ H. Kolanoskii'l V. KolcsnikovS"^ j Koletsou^f^, J. Koll**^^ KoUcfrath^s, A.A. Komar^", 

Y. Komorii55^ T. Kondo^^, T. Kono^^'", A.I. Kononov'*^ R. Konoplichi°*'*, N. Konstantinidis'^^, A. Kootzl'^^ 

S. Kopcrny''^ K. Korcyl^s, K. Kordasi^^^ ^ Korn"^^ A. Korolio^, I. Korolkov". E.V. Korolkovai-'^'', V.A. Korotkov^^*, 

O. Kortncr'^^, S. Kortncr'^^, V.V. Kostyukhin^", S. Kotov^^ V.M. Kotov^"^ a. Kotwal^^, C. KourkoumclisS, 

V. Kouskourai'"^"^ A. Koutsmani'"^'^'% R. Kowalcwskii'^^, T.Z. Kowalski'^^ W. Kozanockii'^*^', A.S. Kozhin^^s, V. Kral^^^^ 

V.A. Kramarenko^^, G. Kramberger"^^, M.W. Krasny^*, A. Krasznahorkay^"^, J. Kraus®^, J.K. Kraus^^, F. Krejci^^'', 

J. Kretzschmar^-\ N. Kricgci-'^^. P. Kricgcri-'^^, K. Krocningcr''^'^, H. Kroha''^ J. Kroll^^o^ J. Kroscbcrg^o, J. Krstic^^a^ 

U. Kruchonakf'4, H. Kriigcr^", T. Krukcr"', N. Krumnack^^, Z.V. Krumshtcyn'^'', A. Kruth^", T. Kubota^^ 

S. Kuday^'^, S. Kuehn"**, A. KugeP^", T. Kuhl''\ D. Kuhn^i, V. Kukhtin^^, Y. Kulchitsky^", S. Kulcshov^i^^ 

C. Kummcr^^, M. Kuna^^^ J. Kunklci^o^ A. Kupcoi^s^ H. Kurashige^^^ Kurata^^", Y.A. Kurochkin^", V. Kus^^s^ 
E.S. Kuwortzi^T^ Kuze^'", J. Kvitu^^^, R. Kweel^ A. La Rosa''^ L. La Rotonda^e^^^eb^ L Labarga^", J. Labbe'^, 

S. Lablaki35a^ c. Lacastai^^^ F. Lacavai32a,i32b^ jj Lacker^^^ D. Lacour^^^ V.R. Lacuesta^^^^, E. LadyginS^, R. Lafaye^, 

B. Laforgc^*, T. Lagouri^", S. Lai^*, E. Laisnc''''', M. Lamanna^^, L. Lanibournc^^, C.L. Lampcn^, W. Lampl^, 

E. Lanconi3f', U. Landgraf4^ M.P.J. Landon^^ J.L. Lanc^^ C. Lange^^, A.J. Lankford^ss^ F. Lanni^^, K. Lantzschl^^ 
S. Laplacc^s^ q Lapoire^o, J.F. Laportei^e, T. Lari**'^, A. Larner"^^ M. Lassnig^", P. Laurelli^^, V. Lavorini^e^^.^eb^ 
W. Lavrijsen", P. Laycock^^, O. Le Dortz'^^, E. Le Guirriec*^^ q Lg Maner^^^, E. Le Menedeu", T. LeCompte^, 

F. Ledroit-Guillonss, H. Leel°^ J. S.H. Lee"^ S.C. Lee^^i, L. Leel^^ M. Lefebyre^^^ M. Legendre^e, B.C. LeGeyt^^o, 
F. Legger''*, C. Leggett", M. Lehmacher^o, G. Lchmann Miotto^'', X. Lei'^, M.A.L. Lcitc^^'^, R. Leitner^^e^ 

D. Lellouch"^ B. Lemmer^^, V. Lendermann^S'^, K.J.C. Leney^^b^ t. Lenz^os^ G. Lenzen^^s^ B. Lenzi^^, 

K. Leonhardt^^^ S. Leontsinis^ F. Lepold^^'^, C. Leroy^^^ J-R. Lessardl'^^ C.G. Lester^^, G.M. Lester^^o, J. Leveque^ 
D. Levin87, L.J. Levinsoni^^ A. Lewis"^ G.H. Lewisl°^ A.M. Leyko^", M. Leytoni^, B. Li^s, H. Li^^^.u^ g U^^^'\ 
X. Li87, Z. Liang"*,'"^ h. Liao^^, B. Liberti^^sa^ p. Lichard^^, M. Lichtnecker^*, K. Liel<^^ W. Liebig", G. Limbach^o, 

A. Limosani*^, M. Limper^^ S.C. Lin^^^'^, F. Linde^°^, J.T. Linnemann**, E. Lipeles^^o^ a. Lipniacka^^, T.M. Liss^^^, 

D. Lissauer24, A. Listcr^^, A.M. Utkc^^\ C. Liu^^, D. Uu^^'^, H. Liu*^ J.B. Liu^^ M. Uu^^^, Y. Un^^^, 

M. Livan"9'^>"9'^, S.S.A. Livermore"*, A. Lleres^^ J. Llorente Merino^o, S.L. Lloyd^^ E. Lobodzinska^\ P. Loch^, 
W.S. Lockmani37, T. Loddenkoetter^o, F.K. Loebinger^^ A. Loginovi^^ C.W. Lohi^*, T. Lohse^^^ K. Lohwasser4^ 
M. Lokajicek^^^, V.P. Lombardo^, R.E. Long^^, L. Lopcs^^^**, D. Lopez Mateos''''', J. Lorenz^*, N. Lorenzo Martincz^^^, 
M. Losadai^2^ P. Loscutoff", F. Lo Sterzoi32a,i32b^ Lostyi^Sa^ x. Lou^o, A. Lounis"^ K.F. Loureiroi^a^ J. Love^i, 
P.A. Lover's A.J. Lowei^3,e^ p Ly32a^ jj.J. Lubattil3^ C. Lucii32a,i32b^ a. Lucotte5^ A. Ludwig^^, D. Ludwig^i, 
L Ludwig48, J. Ludwig-^s, F. Luehring^", G. Luijckxi"'\ W. Lukas^i, D. Lumb^s, L. Luniinarii32a^ e. Lund"^, 
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E. Lytken™, H. Ma^^ L.L. Ma^^^^ J.A. Macana Goia9^ G. Maccarrone^^, A. Macchiolo^^, B. Macek^^, 

J. Machado Miguensi24a^ ^ Mackeprang^^, R.J. Madaras^"*, W.F. Mader^^, R. Macnner58<=, T. Maeno^", P. Mattig^'^^, 
S. Mattig4i, L. Magnoni29, E. Magradze^^, K. Mahboubi^*, S. Mahmoud^^^ G. Mahout^^ C. Maiani"^ 

C. Maidantchik23*, A. Maioi24a,6^ g MajewskP^, Y. Makida^^^ N. Makoveci^^^ P. Mal^^e^ g Malaescu^^, 
Pa. Malccki-''^ P. Malecki^^, V.P. Maleev^^i, F. Malek'5^ U. Mallik62, D. Malon^ C. Malonel''^ S. Maltezos^ 
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A. Manousakis-Katsikakis®, B. Mansoulie^^^, A. Mapelli^^, L. Mapelli^^, L. March J.F. Marchand^**, 

F. Marchesei33a,i33b^ q Marchiori^s^ M. Marcisovskyi^s, C.P. Marinoi'^^ F. Marroquim^Sa, z. Marshall^^, 
F.K. Martens^^*, S. Marti-Garcia^^^ B. Martinis, B. Martin«^ J.P. Martin^^, T.A. Martin^^, V.J. Martin4^ 

B. Martin dit Latour"*^, S. Martin-Haugh^"*^, M. Martinez^^ V. Martinez Outschoorn'", A.C. Martyniuk^'^^, 
M. Marx82^ p^ Marzano^^a^ A. Marzin^", L. Masetti*\ T. Mashimo^^^, R. Mashinistov^", J. Masik*^^ 
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A.L. Maslennikov^o^ I. Massa^^'^'^^'^, G. Massarol°^ N. Massol'', P. Mastrandreai32a,i32b^ Mastroberardino-''*5^'36b^ 
T. Masubuchil5^ P. Matricon"^, H. Matsunaga^^^, T. Matsushita*^^, C. Mattravers"^''^, J. Maurer^^, S.J. Maxfield'^^, 
A. Maynei39, R. Mazinii^i, M. Mazur^o, L. Mazzaferroi33a,i33b^ Mazzanti^^'^, S.P. Mc Kee^^, A. McCarn^^s^ 
R.L. McCarthyi48, T.G. McCarthy's, N.A. McCubbini's, K.W. McFarlane^^ J.A. Mcfaydeni^^, H. McGlone^^^ 
G. Mchedlidze^i'', T. Mclaughlani^, S.J. McMahoni's, R.A. McPhersoni^s.fe, A. Meade^^, J. Mcchnichio^, 
M. ]\^_ Medinnis^i, R. Meera-Lebbai"i, T. Meguro"*^, R. Mehdiyev^^ S. Mehlhasc-'''\ A. Mchta'^^^ 

K. Meier^^^, B. Meirose^^, C. Melachrinos^o, B.R. Mellado Garcia^^^, F. Meloni*^'''^^'', L. Mendoza Navas^''^ 
Z. Mengisi.", A. Mengarelli^^'^'i^b, S. Menke^^^ Meoni", K.M. Mercurio", p. Mcrmod^^, L. Merolai°2a,i02b^ 

C. Meroni*^9a^ p Merritt^o, H. Merrittio^, A. Messina^^.f, J. Metcalfei"^^ A.S. Meters, C. Meyer^i, C. Meyer^o, 
J-P. Meyeri36, j. Meyer^^^^ j Meyer^^, T.G. Meyer^^, W.T. Meyer^^, J. Miao^^^, S. Michal^^, L. Micu^^'^, 

R.P. Middletoni29, S. Migas^^^ L. Mijovic^i, G. Mikenberg^^^ M. Mikcstikova^^s, M. Mikuz^"^ J>, ^^ Miller^o, 
R.J. Miller^s, W.J. Millsi^s, C. Mills", A. Milov"^ D.A. Milstcadi46a,i46b^ j3_ Milstoini^^ A.A. Minaenkoi^s, 
M. Minano Moya^^"^, LA. MinashviliS", A.I. Minceri"^, B. Mindur^^, M. Minccv'^"', Y. Ming^^^^ lj^ Mir", 
G. Mirabcllii'^2a^ j Mitrcvskii^^, v.A. Mitsoui^^, S. Mitsui'^^ P.S. Miyagawa^^s, K. Miyazaki^e, J.U. Mjornmark'^^ 
T. Moai46aa46b^ g_ Mocd'", V. MocUer^^, K. Monig^i, N. Moser^o, S. Mohapatrai^s, W. Mohr^^, R. Moles- Vallsi^^, 
J. Molina-Perezes, J. Monk'^^, E. Monnier*^, S. Montesano^^a.sgb^ p Monticelli'^", S. Monzani^^a.iob^ ^l.W. Moore^, 
G.F. Moorhead*^, C. Mora Herrcra^^, A. Moraes^^, N. Morange^^e, j. Morel^^^ q Morello^e^.seb^ j3_ Moreno*\ 
M. Moreno Llacer^^^, P. Morettini'™*", M. Morgenstern''^, M. Morii'", J. Morin^^ A.K. Morley^^, G. Mornacchi^^, 
J.D. Morris^^ L. Morvaj^oi, H.G. Moser^^, M. Mosidze^i*^, J. Moss^"^, R. Mount^^s, E. Mountricha^'^ 
S.V. Mouraviev^'*, E.J.W. Moyse^^, F. Mueller'^^^, J. Muelleri^s, K. Mueller^o, T.A. M^iller9^ T. Mueller*^\ 

D. Muenstermann^o. Y. Munwcs^-'^-'', W.J. Murrayi^s. I, Musschei"-\ E. Mustoi"2a,i02b^ A.G. Myagkov^^s, M. Myska^^s, 
J. Nadal", K. Nagai"'", K. Naganof•^ A. Nagarkar"''\ Y. Nagasaka'"^", M. Nagel'^^, A.M. Nairz^'^ Y. Nakahama^^, 

K. Nakamural^^ T. Nakanlural^^ I. Nakano"°, G. Nanava^o, A. Napier^^^, R. Narayan^*'', M. Nash^^'^ 

T. Nattermann^o, T. Naumann^i, G. Navarroi^s, H.A. Neal^'^, P.Yu. NechaevaS^, T.J. Neep^^ A. Negri"9a,ii9b^ 

G. Negri^s, S. Nektarijevic'^^, A. Nelson^^s, T.K. Nelson^^^^^ g_ Nenieceki^s, P. Nemethyi"*, A.A. Nepomueeno^^^, 

M. Nessi^s^"", M.S. Neubauer^^s^ a. Neusiedl^^ R.M. Nevesl°^ P. Nevski^^, RR. Newman^^ V. Nguyen Thi Hong^^e, 

R.B. Nickerson"^, R. Nicolaidou^-'^'^, L. Nicolas^^g^ 3 Nicquevert^^^ p_ Niedercorn"■^ J. Nielsen^^r^ Nikiforou^", 

A. Nikiforovl^ V. Nikolaenkoi28, 1. Nikolic-Audit^*, K. Nikolics^o, K. Nikolopoulos^^, H. Nilsen^^, R Nilsson^, 
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M. Nordberg29, P.R. Nortoni^s, J. Novakovai^e, M. Nozaki^s, L. Nozka"3, I.M. Nugenti^^*^, A.-E. Nuncio-Quiroz^o, 

G. Nunes HanningerS^, T. Nunnemann^s, E. Nurse''^ B.J. O'Brien^s, S.W. O'Nealei^'*, D.C. 0'Neil"2, V. O'Shea^^^ 

L.B. Oakes^s, E.G. Oakham^s^'^, H. Oberlack99, J. Ocariz^«, A. OchiSe, S. Odai^^^ S. Odaka6«, J. Odier^s, H. Ogren^o, 

A. Oh82, g jj oii44, C.G. Ohm"6a,i46b^ ohshimai°\ S. Okada'^^ H. Okawai^a, Y. Okuinurai°\ T. Okuyamal5^ 

A. Olariu^S'^, A.G. 01chevski6^ S.A. Olivares Pino^i'^, M. Oliveira^^^^'*''', D. Oliveira Damazio^^, E. Oliver Garcia^'^'', 

D. Olivitoi20, A. Olszewski's, j_ Qlszowska'^, A. Onofrei24a.a6^ P.U.E. Onyisi'o, C.J. Oram^^^'', M.J. Oreglia'o, 

Y. Oreni53, D. Orestanoi34a,i34b^ Orlando^2a,72b^ j Orlovi°^ C. Oropeza Barrera^', R.S. Orr^^s, B. OsculatiSO'^'SOb^ 
R. Ospanov^^o^ q Osuna", G. Otero y Garzon^^, J.R Ottersbachio^, m. Ouchrif^sd, E.A. Ouellettel*5^ 

F. Ould-Saada"^, A. Ouraou^'B, Q. Ouyang^e^, A. Ovcharovai", M. Owen^^, S. Owen^'^, V.E. Ozcan^Sa, N. Ozturk^, 
A. Pacheco Pages", C. Padilla Aranda", S. Pagan Griso", E. Paganism's, F. Paige^^, P. Pais^^, K. Pajchel"^, 

G. Palacinoi59b, c.P. Paleari^, S. Palestini^^, D. Pallin'', A. Palmai24a^ j j) Paimer^^, Y.B. Pan^^', 

E. Panagiotopoulou^, N. Panikashvili^'^, S. Panitkin^", D. Pantea^'^'^, A. Papadelis"'^'', Th.D. Papadopoulou^, 
A. Paramonov^ D. Paredes Hernandez'', W. Park^^.^c^ M.A. Parker^^, F. Parodi^o^'^^^, J.A. Parsons'^, 

U. Parzefall^s, S. Pashapour^^, E. Pasqualucci^'^a^ g Passaggio^O'^, A. Passeri^'^*, F. Pastore^'^*'!'^*', Pr. Pastore^^, 

G. Pasztor "s."'', S. Pataraia"^^ N. Patel^^o, J.R. Pater^^, S. Patricellii"2aao2b^ rp pauiy29^ Pecsy"4a^ 

M.I. Pedraza Morales^", S.V. Peleganchukio^ D. Pelikani^e, H. Peng'^^, B. Penning'^, A. Penson'^ J. Penwell^°, 

M. Perantoni^'^, K. Perez'^'"^, T. Perez Cavalcanti^S E. Perez Codina^^^*, M.T. Perez Garcia-Estan^^'^, 

V. Perez Reale''', L. Perini^^^'^'SSb^ ^ Pernegger^s, R. Perrino^^'', P. Perrodo"*, S. Perscmbc'^, V.D. Peshekhonov^'', 

K. Peters^s, B.A. Petersen^^, J. Petersen^^, T.G. Petersen'^, E. Petit'', A. Petridis^^'', C. Petridou^^'', E. Petrolo^'^^, 

F. Petrucci^'^^'i'^*', D. PetschuU^S M. Petteni^^^ R. Pezoa'^'^, A. Phan^^^ p;^ Phillipsi^s, G. Piacquadio^s, 
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Y. Pylypchenko^^^ J. Qian^^, Z. Qin^i, A. Quadt'^^, D.R. Quarrie", W.B. Quayle"^^ F. Quinonez^i'^, M. Raas^^*, 
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